We present three loop soft-plus-virtual (SV) corrections to the spin-2 production at the Large Hadron Collider (LHC). For this calculation, we make use of the recently computed quark and gluon three loop form factors for the spin-2 production, the universal soft-collinear coefficients as well as the mass factorization kernels. The SV coefficients are presented up to nextto-next-to-next-to leading order (N 3 LO). We also use these coefficients at three loops to compute the resummed prediction for inclusive cross-section to next-to-next-to-next-to leading logarithmic accuracy (N 3 LL) matched to next-to-next-to leading order (NNLO). We use the standard technique to derive the Mellin N-dependent coefficients and also the N-independent coefficients to achieve the resummation using the minimal prescription matching procedure. Considering the spin-2 propagator in the large extra dimensional (ADD) model, we also study the numerical impact of these three-loop SV corrections as well as the resummed predictions on the di-lepton invariant mass distribution at the 13 TeV LHC. We find that the conventional scale uncertainties in the NNLO+N 3 LL resummed results substantially get reduced to as low as 2% in the high invariant mass region. We also estimate the PDF uncertainties in our predictions that will be useful in the experimental searches for large extra dimensions.
1 Introduction
The Standard Model (SM) of particle physics has been successful so far in describing the dynamics of the fundamental particles. The discovery of the Higgs boson [1, 2] at the CERN Large Hadron Collider (LHC) has been a milestone in establishing the theory. Presently, the SM is being tested to unprecedented accuracy at the LHC in order to measure the Higgs couplings to the fermions and gauge bosons of SM, to improve the accuracy of the universal parton distribution functions (PDFs) as well as to search for any possible deviations from the SM results that can hint a sign of beyond SM (BSM) physics. To achieve this, one needs a robust and highly precise theory predictions, thanks to the recent developments both in the electroweak and QCD precision studies. At the LHC, the initial state partons being colored, the QCD corrections are very dominant and higher and higher terms in the perturbative expansion are often needed to have a reliable prediction which can be compared with experimental outcome.
Precise theory predictions are already available for many SM and BSM processes at the LHC. Particularly the Higgs and pseudo-scalar Higgs (Spin-0) boson productions in gluon fusion [3] [4] [5] [6] [7] as well as in bottom quark annihilation [8] are already available at NNLO accuracy. For the SM Higgs, even the complete N 3 LO results [9] [10] [11] are also available very recently and the corrections are found to be well within 3 − 5%. The exclusive observable are also being calculated at the same accuracy. For example the NNLO corrections to rapidity distributions for Higgs are also available in the context of LHC [12] [13] [14] . The SM Higgs rapidity is also known to N 3 LO accuracy in gluon fusion [15, 16] . Recently there is renewed interest in the di-Higgs production and associated production in the context of Higgs properties measurement (see for example [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] ).
The di-lepton production through the decay of spin-1 gauge bosons on the other hand provides one of the cleanest channels to be measured at the collider experiments. Consequently, the dilepton production process has been of interest both in theory as well as in experiments and also looked in the context of BSM searches. The phenomenological implications of this process are exposed in the deviations from the SM predictions either in the form of contact interactions or heavy resonances. For the case of spin-1 particle (W/Z) production (Drell-Yan process) at the LHC, NNLO corrections are available for decades. DY inclusive cross-section is known at NNLO [3, 28] . Drell-Yan rapidity is also known at the same accuracy [29] [30] [31] [32] [33] .
Spin-2 particle production on the other hand is available very recently at NNLO accuracy for di-lepton production for both generic universal [34] and non-universal [35] couplings. Spin-2 production in the context of large extra dimensional models like ADD [36] or RS [37] has got much attention in the context of BSM searches. In ADD and RS models, gravitons couple to the energy momentum tensor and consequently they couple with equal strength to all the SM particles (universal couplings). For such universal coupling scenario, since graviton couples to quarks as well as gluons, their production cross sections at the LHC are very important and have been studied well phenomenologically. Consequently, searches for extra dimensions at the LHC in di-lepton [38, 39] , di-photon missing energy [40] signals have been carried out yielding stringent bounds on the model parameters. On the theory side, there is extensive study on spin-2 production. Di-photon, di-lepton and di-gauge boson rates are provided in ADD [41] [42] [43] [44] [45] [46] [47] [48] and in RS models [49] [50] [51] [52] [53] at NLO as well as the tri-gauge bosons production [54, 55] . The generic universal and non-universal spin-2 processes have been automated [56] in MADGRAPH5 AMC@NLO [57] framework recently.
Out of several extra dimensional models, ADD model provides a very simple solution to the hierarchy problem and has been looked for extensively at the LHC. In the ADD model all the SM particles are confined to four dimensional brane whereas gravity can propagate through the 4 + n dimensional bulk. These extra dimensions are compactified with periodic boundary conditions which leads to a tower of Kaluza-Klein (KK) modes. These KK modes lead to non-resonant excess in high invariant mass of di-lepton pairs which results from the decay of virtual gravitons. The search for non-resonant enhancement from models like ADD has been searched at the LHC from time to time. It is observed in the NLO QCD computation [58] that the K-factors in the di-lepton production case are potentially large and range up to 60%. This is because the graviton couples to quarks like the gauge bosons do in the SM, but also to gluons and hence mimic large K-factors of the Higgs boson production case at the LHC. This leads to the computation of the NNLO QCD corrections to the di-lepton production process in extra dimension models [34] . The NNLO QCD corrections are found to contribute to the total cross sections another 10% of the LO predictions. The NNLO K-factors are thus quite different from those of the SM.
To minimize the theory uncertainties it is imperative to go beyond the NNLO in QCD. First step towards higher orders beyond NNLO is to get the SV predictions by calculating the most singular terms at the higher order. SV calculation has been successfully performed in case of SM inclusive Higgs production [59] [60] [61] [62] [63] [64] , associated production [22] , bottom quark annihilation [65] , DY production [66, 67] , pseudo-scalar Higgs production [68] at N 3 LO level as well as for rapidity [66, [69] [70] [71] and has been shown that it constitutes a significant contribution to the cross-section. Another way to improve the accuracy of the inclusive cross-section over NNLO is to resum threshold enhanced logarithms to all order. These logarithms play an important contribution when partonic threshold variable z takes the limit 1. The resummation is well understood in the Mellin-N space and is possible due to complete factorization of the soft function amplitude as well as phase space in Mellin-N space. The threshold resummation has been successfully applied to many SM process for example Higgs production [60, [72] [73] [74] [75] [76] (see also [77] for renormalisation group improved prediction.), DY production [60, 73] as well as pseudo-scalar production [78] (see [79, 80] for earlier works).
The resummation is very important for the differential observable. The threshold enhanced resummation has been performed consistently in double Mellin space for rapidity and for x F distributions [81] [82] [83] [84] (see also [85] for SCET based factorization and resummation). Resummation is essential for observable which are very sensitive to infrared physics for example transverse momentum distribution where logarithms of the type ln(Q 2 /p 2 T ) can be very large in the infrared region thus spoiling the fixed order (FO) prediction. Resummation is thus very important to correctly describe the low p T region and results are available up to N 3 LL accuracy for many important SM processes. The Higgs p T spectrum is known to NNLO+N 3 LL accuracy [86, 87] and the uncertainty is found to be reduced by 60% compared to NLO+NNLL in the low p T region. For the pseudoscalar production, the p T spectrum is known to NNLO A +NNLL [88] and the scale variation is found to be improved to 20% in the low-p T region. Drell-Yan p T spectrum is also known to same accuracy [86, 89] .
In this article we improve the inclusive cross-section for spin-2 production in di-lepton channel within ADD model beyond NNLO accuracy. First, we calculate the compete SV results at N 3 LO using the form-factor at three loops and the universal soft function at the same. Second, we apply the standard threshold resummation technique and extract the process-dependent constant pieces required up to N 3 LL level. The paper is organized as follows: in Sec. 2, we study the theoretical formalism where we have collected all the formulas for the DY production in ADD. We also present the formalism to calculate the SV contributions as well as the resummed coefficients required for the N 3 LL accuracy. In Sec. 3, we present the numerical results in the context of 13 TeV LHC and then summarize our results.
Theoretical Framework
The hadronic cross-section for standard DY production at the hadron collider is given by,
Here S andŝ denote the center-of-mass energy in the hadronic and partonic frame respectively. The hadronic and partonic threshold variables τ and z are defined as
They are thus related by τ = x 1 x 2 z. The partonic cross-section gets contribution from virtual photon and Z boson as in the standard DY process in SM, in addition, it also gets contribution from spin-2 mediator (G) decaying to leptons. The SM in here is treated as background for the signal defined by diagrams with spin-2 production. Notice that the signal and background completely get separated from each other in the cross-section after performing the phase-space integration for invariant mass distribution. This gives opportunity to calculate the SM and ADD contributions completely separately and there is no interference term between them. Whereas in the SM case, there is only quark annihilation channel at the born level, in the ADD case, both quark annihilation as well as gluon fusion channels are present already at the born level. The partonic cross-section in the above Eq. (2.1) can have two separate kind of contributions, one which is more singular when z → 1 known as the soft-virtual contribution and the other is regular contribution which is finite in the limit z → 1. Thus the decomposition of the partonic cross-section has the following form,
I is the pre-factor which depends on the specific model in consideration. In case of ADD model, the pre-factor has the following form,
The summation over the non-resonant KK modes depends on the number of extra dimensions present in the model and yields
The pre-factor for DY case has the following expression,
where M Z and Γ Z are the mass and the decay width of the Z-boson, α is the fine structure constant, c w , s w are sine and cosine of Weinberg angle respectively.
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Q a being electric charge and T 3 a is the weak isospin of the electron or quarks. The SV cross-section for spin-2 production is known to two loops in [90] after the subsequent calculation of the two loop form factors [91] . Recently the complete NNLO correction has been performed after calculating the regular piece at second order in strong coupling [34] with reverse unitarity method [5] . In the next two sections we improve this accuracy by first calculating the SV cross-section at the three loops and then in the next section we resum large threshold logarithms up to N 3 LL accuracy and matched with existing NNLO fixed order result.
Soft-virtual cross-section
The SV cross-section constitutes a significant contribution to the partonic cross-section and can be computed order by order in strong coupling,
(2.10)
For SV cross-section, onlyand gg channels contribute which appear in the born process for spin-2 production. The threshold enhanced partonic soft-virtual cross-section can be written [62, 63] as
Here Ψ I is a finite distribution in the limit → 0. The symbol C denotes the Mellin convolution (denoted below as ⊗) which in the above expression should be treated as
with f (z) being a function containing only δ(1 − z) and plus distributions. The finite exponent in the above gets contribution from the form factor F I (â s , q 2 = −Q 2 , µ 2 , ) , soft-collinear function Φ I (â s , z, Q 2 , µ 2 , ) as well as mass factorization kernels Γ I (â s , z, µ 2 f , µ 2 , ) and can be written as
Here µ has been introduced to define the strong coupling (â s ) dimensionless in the d = 4 + dimensions. Z I (â s , µ 2 r , µ 2 , ) denotes the overall UV renormalization constant which for the ADD model is unity since gravity couples to the standard model universally leading to conserved tensorial current. Notice that both quark and gluon subprocesses are present at the born level for the gravity production in contrary to the standard DY production. Therefore one needs to know the both quark and gluon form factor for gravity production. This has been achieved sometime ago in [92] up to 3-loop.
The bare quark and gluon form factors satisfy the Sudakov K+G equation which follows as a consequence of the gauge invariance as well as renormalisation group invariance and can be given as,
The function K contains all the infrared poles in whereas the function G is finite in the limit → 0. The renormalisation group invariance leads to the following solutions of these functions in terms of cusp anomalous dimensions (A I ):
The cusp anomalous dimensions are known to fourth order [93-95, 95-97, 97-103] (estimate at five loops can be found in [104] ) and are collected in App. B.2. The µ r independent piece of the G I can be written in perturbative series as
where the coefficients G 
where C (1)
(2.18)
The coefficients g (i,k) I can be found from explicit calculation of quark and gluon form factors. These have been calculated at the three loops and are collected in Eq. (5. 16-5.17) in [92] .
The UV anomalous dimensions γ 
In addition they are found to be same as those appear in the quark and gluon form factor up to three loops. The initial state collinear singularities are removed using the Altarelli-Parisi (AP) splitting kernels Γ I (â s , µ 2 f , µ 2 , z, ). They satisfy the well-known DGLAP evolution given as,
where P (z, µ 2 f ) is the AP splitting functions. The perturbative expansion for these splitting functions has the the following form:
As already discussed, only theand gg channels contribute to the SV cross-section and thus we find that, only the diagonal terms of the splitting functions contribute to the SV cross-section. The diagonal part of the splitting functions is known to contain the δ(1 − z) and distributions and can be written as,
The splitting functions are known exactly to three loops [93, 105, 106] and partial results are available for four-loop as well [95, 98, 102] . Recently the complete four-loop result is also available completely analytically [107] . The finiteness of the soft-virtual cross-section demands that the soft-collinear function Φ will also satisfy similar Sudakov type equation like the form factor i.e. one can write
is finite in the dimensional regularization such that Ψ becomes finite as → 0. The solution to the above equation has been found [62, 63] to be
I can be found from the solution of the form factor by the replacement as A I → −A I , G I ( ) → G I ( ). Notice thatḠ I ( ) are now new finite z-independent coefficients coming from the soft function whereas the z dependence has been taken out in Eq. (2.24). This can be found by comparing the poles and non-poles terms inΦ (j) with those coming from the form factors, overall renormalisation constants, splitting kernel and the lower order SV terms.
Using the following expansion
one can finally find the finite soft functionḠ as,
whereC (1)
It is worth noting thatḠ as well as the complete soft function Φ I satisfy the maximally non-abelian property up to three loops. Moreover Φ I is also universal in the sense that it only depends on the initial legs and is completely unaware of the color neutral final state. Up to three loops all the coefficients are known for quark and gluon initiated processes [59, 67] . Finally plugging all these functions and coefficients into the Eq. (2.13) and expanding in the powers of a s (µ r ), we obtain the soft-virtual cross-section up to third order. The born level results are trivial and presented below,
The results up to two loops are also available in [90] . The new three-loop results are calculated here for the first time and collected in the App. A.
Resummation
The inclusive cross-section can also be improved with the inclusion of threshold enhanced logarithms by resumming them to all orders. These threshold logarithms arise from soft and collinear emissions from virtual and real diagrams. The leading contribution arises from the most singular soft-virtual terms containing plus distributions which can be resummed to all orders in a systematic way. The resummation is conveniently performed in Melin-N space where the threshold limit z → 1 translates into large-N limit i.e. N → ∞. In the Mellin space, the large-N behavior of the born normalized partonic cross-section at all orders can be organized [81, 108, 109] as,
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(dσ LO /dQ) contains the born normalisation i.e. for the SM DY,
whereas for ADD,
forand gg respectively.
The exponent G I N resums large-N terms at all orders and is given in terms of universal cusp anomalous dimensions A and constants D and has the following form,
G I N can be also written in a resummed perturbative series. Recalling that in the context of resummation a s lnN ∼ O(1), one can write, 33) whereN = N exp(γ e ) with γ e = 0.577216 . . . is the Euler Gamma. Successive terms in the above expression determines the logarithmic accuracy. For example, the first coefficient (g I 1 ) resums all leading logarithms (LL) at all orders, whereas the first two coefficients (g I 1 +g I 2 ) also resums next to leading logarithms (NLL) and so on. Note that the universality of the resummed exponent is a direct consequence of the soft-gluon emission near the partonic threshold. The exponent is thus universal in the sense that it will only depend on the initial legs being gluons or quarks. The expressions for the resummed exponents g I i can be found in [72, 109] up to N 3 LL order, also see [110] for N 4 LL order in DIS. For consistency, we have also derived the same and collected in the App. B.2.
The process dependent coefficient g I 0 on the other hand depends on the specific process under consideration. It gets contribution from the entire form factor as well as from the δ(1 − z) coming from the soft part. It can be also written as a perturbative series as,
For the quark initiated spin-2 production and gluon initiated spin-2 production we have extracted those from the soft-virtual results up to the third order in the strong coupling. These are collected in App. B.2. We again remind the reader that for NLL accuracy one needs coefficient g 01 in the above expansion, at NNLL one needs up to g 02 and so on. The resummed expression in the Mellin space has to be finally inverse Mellin transformed and matched with the fixed order result. We follow the standard Minimal prescription [108] to take care of the Landau pole issue in the Mellin inversion routine. The matched cross-section has the following form,
The second term inside the bracket has been introduced to remove double counting of singular terms which are already present in the FO result i.e. in the last term of the above expression. In particular, for N 3 LL matching with NNLO, we need the resummed expression keeping up to O(a 2 s ) terms in the resummed exponent Eq. (2.33) and subtracting all the leading singular terms that are present in the NNLO cross-section through subtracting the expanded resummed cross-section up to that order. The matched formula in Eq. (2.35) thus gives opportunity to match different orders in FO and resum series. In the next section we will improve the existing NNLO cross-section by resumming large threshold logarithms to N 3 LL accuracy by matching the later to NNLO results. In the next section we study the phenomenological effect of SV cross-section and resummed prediction for ADD model.
Numerical Results
In this section we present our numerical results for three loop soft-virtual QCD correction to the dilepton production in the ADD model at LHC. The LO, NLO and NNLO parton level cross sections are convoluted with the respective order by order parton distribution function (PDF) taken from lhapdf [111] . However, for N 3 LO sv corrections we convoluted the partonic coefficient functions with the NNLO PDFs due to the unavailability of N 3 LO PDFs. The corresponding strong coupling constant a s (µ 2 r ) = α s (µ 2 r )/(4π) is also provided by the lhapdf. The fine structure constant is taken to be α em = 1/128 and the weak mixing angle is sin 2 θ w = 0.227. Here the results are presented for n f = 5 flavors in the massless limit of quarks. The default choice for the center of mass energy of LHC is 13 TeV and the choice for the PDF set is MMHT2014. Except for the scale variations, we have used the factorization (µ f ) and renormalisation (µ r ) scales to be the invariant mass of the di-lepton, i.e. µ f = µ r = Q. We also note that there have been several experimental searches at the LHC for extra dimensions in the past, yielding stringent bounds on the ADD model parameters, the cut-off scale M s and the number of extra dimensions d. Such analyses have already used the K-factors that have been computed in the extra dimension models. There are several experimental data available regarding the lower bound of the model parameters M S and d. The lower limits on the scale M S obtained from both ATLAS and CMS collaborations using 7 TeV data [112, 113] are M S = 2.4 TeV corresponding to d = 3 in HLZ formalism [114] . After the availability of 8 TeV data this lower bound further pushed to M S = 3.3 TeV for d = 3 [115, 116] . Now 13 TeV data are also available and the bound in M S is given by ATLAS is 5.5 TeV using di-photon channel [117] . CMS collaboration also studied the same and the lower bounds are found to be 5.6 TeV for di-lepton channel [38] and 5.7 TeV for di-photon channel [118] . Here in our work, for our phenomenological study to assess the impact of QCD corrections, we choose M S = 4 TeV and d = 3. The computational details of the QCD corrections presented here are model independent, a numerical estimate of the theory predictions for any other choice of the model parameters is straight-forward. For completeness, we also study the dependence of the invariant mass distributions on the model parameters considering the recent bounds on M S for different extra dimensions.
Threshold corrections up to N 3 LO sv
First, we will present in Table-1 can be predicted from the universal nature of the infrared structures in QCD as well as the lower order process dependent contributions. We note that the sub-leading logarithms D 3 and D 2 are negative and are comparable in magnitude to the leading logarithmic D 5 contribution. As a result, the contribution from the sum of logarithmic terms is negative but comparable in magnitude to that of δ(1 − z) term. Consequently, the sign of total soft-plus-virtual (SV) correction at three-loop level i.e. a 3 s ∆
(3),G ab crucially depends on the relative weightage of these two kind of terms. It can be seen that SV contribution is negative at lower Q(∼ 100GeV) but becomes positive for Q(> 2000GeV). Next, in Fig.(1) we present the di-lepton invariant mass distribution for the The NNLO corrections are too large enough to truncate the perturbation theory at this order and necessitates the computation of higher order corrections for the convergence of the perturbation series. The three-loop SV corrections that we have computed here are found to contribute an additional (1 − 2)% of LO to the invariant mass distribution, demonstrating a very good convergence of the perturbation theory. We also note that the three-loop SV corrections are negative in the low Q-region while in the high Q-region they are positive because of threshold enhancement. In Fig.(2) to high Q value the GR contribution starts to dominate as the number of accessible KK modes will increase with Q. Therefore the signal K factor at high Q value is completely dominated by ADD model which receives contributions from both quark-anti-quark annihilations as well as gluon fusion channel even at LO in contrast to the SM case where there is only quark-anti-quark annihilation at LO. This results in larger K-factors for the signal compared to those of the SM background,
In Eq.(3.1) we define K-factors for the signal at different orders in QCD. In Table-2 We also study the dependence of our results on the ADD model parameters namely the scale M S and the number of extra dimensions d. In Fig.(3) we present the invariant mass distribution (left) and the corresponding K-factors (right) for different values of M S keeping d = 3 fixed. From the figure, we can see that the invariant mass distribution decreases with increase in M S for any given value of Q and d simply because of the scale M S suppression in the gravity propagator. Similarly, we present in Fig.(4) the invariant mass distribution (left) and the relevant K-factors (right) for different values of d keeping M S = 4 TeV fixed. From the Fig.(4) we can see that the cross section decreases with the number of extra dimensions d because of the fact that the mass of the graviton mode increases with increasing d resulting in the less number of accessible graviton modes.
We have considered different sources of theoretical uncertainties in our analysis. Firstly we considered the uncertainties due to the presence of two unphysical scales µ r and µ f in the theory and secondly those coming from the non-perturbative parton distribution function in the calculation. For the scale uncertainties we vary µ r and µ f simultaneously from Q/2 to 2Q by putting the constraint that the ratio of unphysical scales is less than 2, as
The last condition in Eq. (3.2) ensures that no unusual choice of the scales is considered. This results in 7 different combinations of the scale viz. µ r /Q, µ f /Q = (1/2, 1/2), (1/2, 1), (1, 1/2), (1, 1), (2, 1), (1, 2), (2, 2) . With this choice, we estimate the 7-point scale uncertainties in our predictions to N 3 LO sv and the results are depicted in Fig.(5) . We also estimate the uncertainties coming from the non-perturbative PDFs. For this we calculate the uncertainty in two different ways, (i) the uncertainty due to the intrinsic error in the PDFs that result from various experimental errors from the global fits, (ii) the uncertainty due to the choice of PDFs provided by different groups. In both the cases we use the PDF sets MMHT2014, CT14, NNPDF31, AMMP16 and PDF4LHC15 provided from the lhapdf. For the case-(i) we cal- culate the intrinsic PDF uncertainties using 51 sets for MMHT2014, 57 sets for CT14, 101 sets for NNPDF31, 30 sets for ABMP16 and 31 sets for PDF4LHC15. To this end we use all PDF sets extracted at NNLO level. In Table- Table 3 . Intrinsic PDF uncertainties for different PDF choices. These uncertainties are given for both fixed order as well as the resummed cross sections for a given value of Q = 2500 GeV.
In Fig.(6) we present intrinsic uncertainty (left panel) plot for different PDFs as a function of Q. At high Q region (∼ 1500GeV) these uncertainties are high due to the availability of less number of experimental data. In the right panel of Fig.(6) we present the relative contribution of different PDFs with respect to our default PDF choice. 
Resummed results up to NNLO+N 3 LL
In this section we present numerical results for di-lepton production through spin-2 propagator at the LHC to NNLO+N 3 LL in QCD. In this numerical calculation we use the same choice of QCD parameters and the ADD model as in the computation of three-loop SV corrections (fixed order). For the inverse Mellin transformation Eq. (2.35), we use c = 1.9, φ = 3π/4 and N = 75. In Fig. (7) we present the numerical result for invariant mass distribution of di-lepton for pure gravity, signal and the corresponding SM background. The behavior of these plots is similar to that of the fixed order results presented in Figs. (1)&(2). We notice significant enhancement of these resummed results over the fixed order ones, for example at Q = 2400 GeV, there is 26% enhancement at NLO+NLL over NLO, 8% at NNLO+NNLL over NNLO and 2% at NNLO+N 3 LL over N 3 LO sv . The corresponding mass dependent K-factors up to NNLO+N 3 LL are shown in Fig.  (8) 
As can be seen from the figure, the K-factor K 22 could be as large as 1.8 for Q > 2000GeV , while the resummation of the logarithms beyond NNLL decrease the cross sections by about 5% resulting in K 23 to be around 1.75. These precise QCD predictions are expected to augment experimental searches for large extra dimensions at the LHC. To this end, in Table- (4), we give numerical values for the mass dependent resummed K-factors up to NNLO+N 3 LL accuracy. For completeness, we also study the dependence on the ADD model parameters M S and d, and the corresponding results are depicted in Fig.(9) . Finally we estimate the uncertainties in our resummed results due to the unphysical scales µ r and µ f , and those due to the parton densities that are non-perturbative in nature. For scale uncertainties we follow the same procedure as in fixed order case by taking the 7-point scale variation and the results are shown in Fig.(10) as a function of the di-lepton invariant mass Q. The scale uncertainties are found to get reduced significantly from LO+LL to NNLO+N 3 LL. For example at Q = 2500 GeV, the scale uncertainties are 56% at LO+LL, 22% at NLO+NLL, 10% at NNLO+NNLL and are as small as 2% at NNLO+N 3 LL. We observe that the scale uncertainty bands at higher orders lie inside the ones at lower orders. The scale uncertainties are conventionally used for estimating the contribution from the missing higher order contributions. In that sense, these resummed results have better theory predictions over the fixed order ones.
The intrinsic uncertainties in a given PDF set as well as those from the choice of the PDF group itself are estimated as in the fixed order case. We present these results in Fig.(11) . We observe that the intrinsic PDF uncertainties are very much similar to those of the fixed order case as can be seen from the Table. 3. This is simply because the results for resummation of the threshold logarithms still use the parton densities extracted at NNLO accuracy. Moreover, we also present the uncertainties due to the choice of the PDFs group in terms of the distributions normalized with respect to those obtained from MMHT2014 group. 
Conclusions
In this article we have computed the higher order QCD corrections beyond NNLO for the spin-2 production at hadron colliders. Specifically, we have calculated three-loop SV corrections to the spin-2 production, thanks to the recent computation of the quark and gluon form factors at three loop level. We have performed a detailed phenomenological study at N 3 LO sv in QCD and presented our numerical results for the di-lepton invariant mass distribution in the ADD model for 13TeV LHC. The three-loop SV corrections are about 2% over the existing NNLO result. The conventional 7-point scale uncertainties of about 8% at NNLO in the high invariant mass region get reduced to about 5% at three-loop level. In addition we have also extracted the process-dependent coefficients coming from the form factor and the soft-collinear function to third order. Using these coefficients we perform resummation of large threshold logarithms up to N 3 LL accuracy. We also study the numerical impact of these resummed result after matching it to NNLO fixed order result. While the quantitative enhancement of these resummed results is approximately 2% over the known fixed order NNLO results, the resummed predictions reduce the scale uncertainties signficiantly to as low as 2%. For completeness, we also estimate the PDF uncertainties in our predictions using the parton densities available at NNLO level from various groups. The uncertainties from these non-perturbative inputs are estimated be minimum of about 10%. Finally, we conclude that the perturbation theory predictions in QCD for massive spin-2 production are now very precise and are 0.0001 0.001 0.01 τ Figure 11 . The intrinsic PDF uncertainties for different PDF groups are shown in the left panel as a function of the di-lepton invariant mass Q. In the right panel, the invariant mass distributions for different PDF groups (computed with central set) normalized with that obtained from the default choice MMHT2014nnlo PDF set.
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A Soft-Virtual coefficients
Here we present the SV coefficient for spin-2 production up to three loops for both quark and gluon initiated channels. The third loop results are new. Here we collect the universal resummed coefficients used for the N 3 LL resummation. Taking ω = 2β 0 a s lnN , L qr = ln(Q 2 /µ 2 r ), L f r = ln(µ 2 f /µ 2 r ), we present the coefficients required up to N 3 LL order.
+ ω L f r + ln(1 − ω) L qr , (B.8) 
The cusp anomalous dimensions A i are given as (with the recently known four-loops results [ The quartic casimirs are given as with N A = n 2 c − 1 and N F = n c where n c = 3 for QCD. The coefficients D i are given as, with C i = C A , C F depending on the gluon or quark initiated process respectively.
